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Metacognitive accuracy describes the degree of overlap between the subjective perception of one’s de-
cision accuracy (i.e. confidence) and objectively observed performance. With older age, the need for ac-
curate metacognitive evaluation increases; however, error detection rates typically decrease. We inves-
tigated the effect of ageing on metacognitive accuracy using event-related potentials (ERPs) reflecting
error detection and confidence: the error/correct negativity (N.) and the error/correct positivity (Pesc).
Sixty-five healthy adults (20 to 76 years) completed a complex Flanker task and provided confidence
ratings. We found that metacognitive accuracy declined with age beyond the expected decline in task
performance, while the adaptive adjustment of behaviour was well preserved. P. amplitudes following
errors varied by confidence rating, but they did not mirror the reduction in metacognitive accuracy. N
amplitudes decreased with age for low confidence errors. The results suggest that age-related difficulties
in metacognitive evaluation could be related to an impaired integration of decision accuracy and confi-
dence information processing. Ultimately, training the metacognitive evaluation of fundamental decisions
in older adults might constitute a promising endeavour.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

We are continuously monitoring and controlling our behaviour
in order to achieve goals and avoid errors. The internal evaluation
of our behaviour and our decisions, also referred to as metacogni-
tion, is crucial in everyday life, because it guides our present and
future behaviour (Desender et al., 2019b; Rabbitt, 1966). Metacog-
nition comprises both the detection of committed errors and a
feeling of confidence that accompanies a decision (Fleming and
Frith, 2014; Shekhar and Rahnev, 2020). When we feel less con-
fident about a decision, we might try to adjust it, seek more in-
formation, or recruit additional cognitive processes to optimise
performance (Desender et al., 2019a, 2019b). As ageing is usu-
ally associated with declining cognitive functions and higher rates
of decision errors in daily activities, decisions and corresponding
motor actions need to be adjusted more often (Hertzog, 2015;
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Ruitenberg et al., 2014). This might be achieved, for example, by
increasing efforts for an efficient metacognitive evaluation of one’s
behaviour.

In general, metacognitive judgements are highly predictive of
actual task performance, yet there is strong evidence that metacog-
nition constitutes a dissociable process from the execution of
the initial task (Galvin et al, 2003; Song et al., 2011). The de-
gree to which subjective perceptions and objectively observed per-
formance overlap, that is, the accuracy of metacognitive judge-
ments, varies across individuals and task demands (Fleming &
Dolan, 2012; Hertzog & Hultsch, 2000; Rahnev et al., 2020).
Metacognitive accuracy has been addressed in two separate but
arguably related fields of research: studies on error detection, fo-
cussing on the recognition of errors, and studies on decision confi-
dence, investigating processes related to beliefs regarding the like-
lihood of having made a correct choice. In most cases, low confi-
dence implies a higher probability of having committed an error.
It has been suggested that error detection and confidence judge-
ments might even share similar underlying computations, whereby
error detection arises from low confidence that a correct decision
has been made (Boldt and Yeung, 2015; Yeung and Cohen, 2006;
Yeung and Summerfield, 2014).


https://doi.org/10.1016/j.neurobiolaging.2021.08.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuaging.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2021.08.001&domain=pdf
mailto:h.overhoff@fz-juelich.de
https://doi.org/10.1016/j.neurobiolaging.2021.08.001

H. Overhoff, Y.H. Ko, D. Feuerriegel et al./Neurobiology of Aging 108 (2021) 34-46 35

1.1. Neural correlates of metacognition

Neural correlates of metacognition have been studied by mea-
suring event-related potentials (ERPs) of the human scalp elec-
troencephalogram (EEG). The error negativity (Ne) is a negative
deflection peaking around 100 ms after an overt behavioural re-
sponse at fronto-central electrodes and typically has larger ampli-
tudes for errors than correct responses (N¢ for correct responses;
i.e. correct negativity; Falkenstein et al., 1991; Falkenstein et al.,
2000; Vidal et al., 2003). The component is classically associated
with conflict monitoring, assuming that it tracks conflict between
the given response and continuously accumulated post-decision
evidence favouring the correct response (Falkenstein et al., 1991;
Yeung et al., 2004). Moreover, it has been shown that the N am-
plitude scales with confidence, that is, it decreases from perceived
errors to uncertain responses (guesses) to trials where the partic-
ipant is confident about its correctness (Boldt and Yeung, 2015;
Scheffers and Coles, 2000). The more posterior error positivity (Pe;
P. for correct responses, i.e. correct positivity) with a maximum
amplitude around 250 ms after a response, is considerably larger
for detected compared to undetected errors and has therefore been
associated with explicit error awareness (Endrass et al., 2012a;
Nieuwenhuis et al., 2001). Notably, the P has also been found to
increase in amplitude with decreasing confidence in perceptual de-
cisions (Boldt and Yeung, 2015; Rausch et al., 2019).

Concerning the mechanisms underlying these two components,
Di Gregorio et al. (2018) designed a sophisticated task to provide
evidence that the Pe, but not the Ne, was present when it was evi-
dent for participants that an error had been made, but they did not
know the correct answer. These findings suggest that the P. does
not require a representation of the correct response to emerge, but
instead accumulates post-decisional error evidence from widely
distributed neural sources (Di Gregorio et al., 2018; Murphy et al.,
2015; Steinhauser and Yeung, 2010; Yeung and Summerfield, 2014).
Thus, while both classical components of error processing, Ne and
Pe, have been shown to vary with reported confidence, the Pe ap-
pears to be more specifically associated with conscious metacog-
nitive processes (Boldt and Yeung, 2015; Nieuwenhuis et al., 2001;
Scheffers and Coles, 2000).

1.2. Metacognition and ageing

Metacognitive abilities in older age have been shown to vary
across cognitive domains (Fitzgerald et al., 2017; Hertzog &
Hultsch, 2000). For instance, while older adults tend to under-
estimate the prevalence of their decision errors in everyday life,
metacognitive judgements of certain memory aspects (e.g., mem-
ory encoding) seem to be well preserved (Castel et al., 2016;
Harty et al., 2013; Mecacci and Righi, 2006). Previous studies
on decision making and metacognition yielded relatively consis-
tent findings of a significant decline in error detection rate with
higher age across multiple tasks (Harty et al., 2013; Rabbitt, 1990),
even when task performance was comparable (Harty et al., 2017;
Niessen et al., 2017; Wessel et al., 2018). In a large sample of
healthy adults, Palmer et al. (2014) investigated decision confi-
dence using a measure of metacognitive accuracy that takes task
performance into account (Maniscalco & Lau, 2012). The authors
found that age was not correlated with metacognitive abilities in a
memory task, but that it was negatively correlated with metacog-
nitive abilities in a perceptual discrimination task.

Effects of ageing on the neural correlates of metacognition have
primarily been investigated in the field of error detection. Here,
both the difference between Ne and N, (Endrass et al., 2012b;
Falkenstein et al.,, 2001; Schreiber et al.,, 2011), and the Pgj. ampli-
tude (Clawson et al., 2017; Harty et al., 2017; Niessen et al., 2017)

were smaller in older adults, while the decrease in Pe, in particular,
was linked to a lower error detection rate. Notably, the processing
of the stimulus can also affect subsequent response-related pro-
cesses, and variations with age in two ERPs (namely the N2 and
the P300; Groom & Cragg, 2015; Polich, 2007) have been docu-
mented (Korsch et al.,, 2016; Larson et al., 2016; Lucci et al., 2013;
Niessen et al., 2017). With the decline in behavioural performance
reported above, this suggests an impaired error evidence accumu-
lation process in older age, possibly due to limited cognitive re-
sources (Harty et al., 2017; Niessen et al., 2017). Surprisingly, nei-
ther Ngj. nor Pg. have been investigated using confidence ratings
to assess age-related variations of metacognitive abilities. Some ev-
idence from neuroimaging studies point to age-related structural
differences in the neural basis of metacognition (Chua et al., 2009;
Hoerold et al., 2013; Sim et al,, 2020). However, a conclusive ac-
count that explains individual differences in metacognitive accu-
racy is still missing, for which the use of ERPs with high tem-
poral resolution might be well-suited to provide valuable insights
(Dully et al., 2018; Fleming and Dolan, 2012; Yeung and Summer-
field, 2014).

1.3. The current study

This study aimed to investigate task performance and metacog-
nition in older adults with a novel perceptual task to determine
how generalizable the findings of decreased metacognitive accu-
racy in older age are (Palmer et al., 2014). For this, we used a
colour-flanker task, in which participants had to identify the colour
of a target stimulus that was flanked by two squares of the same or
a different colour. We assessed decision accuracy, measured con-
fidence using a four-point rating scale, and examined the impact
of metacognitive accuracy on adaptations of subsequent behaviour
(Desender et al., 2019a; Fleming et al., 2012; Ruitenberg et al.,
2014). Furthermore, we investigated whether the amplitudes of
Nejc and P, which are described as neural correlates of metacog-
nition, track changes in decision confidence across the lifespan.

We hypothesised that metacognitive accuracy in our decision
task would decrease with age (Niessen et al., 2017; Palmer et al.,
2014). Independent of confidence, we expected an error-specific
attenuation of ERP component amplitudes in older adults, which
should result in a smaller difference between the neural responses
related to errors and correct decisions (Endrass et al., 2012b;
Larson et al., 2016). Independent of age, reported confidence was
expected to show a positive association with the Ng,c and a neg-
ative association with the P, amplitude (Boldt and Yeung, 2015;
Scheffers and Coles, 2000). Based on findings from error detection
studies showing an age-related decrease in the P. amplitude of de-
tected, but not undetected errors (Harty et al., 2017; Niessen et al.,
2017), as well as reports linking the Pe to confidence (Boldt and
Yeung, 2015), we expected a specific decrease in Pe amplitude for
low confidence errors with increasing age.

2. Methods
2.1. Participants

We recruited 82 healthy adults with a broad age range from 20
to 81 years (49.8 + 1.9 years [all results are indicated as mean
+ standard error of the mean; SEM]; 35 female, 47 male). We
aimed for an approximately uniform distribution of age and thus
tested at least 10 participants per decade. Inclusion criteria were
right-handedness according to the Edinburgh Handedness Inven-
tory (EDI; Oldfield, 1971), fluency in German, (corrected-to-) nor-
mal visual acuity, no colour-blindness and no history of neuro-
logical or psychiatric diseases. Any signs of cognitive impairment
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Fig. 1. (A) The left panel shows an example of a trial in the flanker task, where one central target and two flankers were presented, and the participant had to press the
finger that was assigned to the respective target colour (illustrated by the grey arrow). The confidence rating (right panel) consisted of four squares, and the ends of the
scale were labelled with the German words for ‘surely wrong’ on the left and ‘surely correct’ on the right side. The fingers were mapped onto the four squares according to
their spatial location. (B) Colours used in the flanker task. Flanker stimuli could consist of target or neutral colours, whereas target stimuli could only consist of one of the
four target colours. (C) Sequence of one trial (here, incongruent). Each trial started with a fixation cross, followed by the presentation of the flankers, to which the target
was added shortly after. Then, the screen turned black until a response was registered (maximum 1,200 ms), followed by another blank screen. If a response had been given,
the rating scale appeared until a rating was given (maximum 2,000 ms). If no response had been given within the designated time window, the German words for 'too slow’
were shown instead. The trial ended with another blank screen for a random intertrial interval. For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.

(Mini-Mental-State Examination score lower than 24; MMSE;
Folstein et al., 1975) or depression (Beck’s Depression Inventory
score higher than 17; BDI; Hautzinger, 1991) led to the exclusion
of participants (one participant was excluded). Additionally, we ex-
cluded four participants who had more than one third of invalid
trials (e.g., responses were too slow to fall into the pre-defined re-
sponse window for analysis, or they showed recording artefacts).
Another four participants were excluded because of an error rate
(ER) higher than the chance level of 75%. Finally, eight participants
were excluded because of combinations of very low accuracy, a
high number of invalid trials, the selective use of single response
keys, and errors in the colour discrimination task (described be-
low), which suggested a lack of understanding of the task or the
use of heuristic response strategies instead of trial-by-trial deci-
sions. After exclusions, the final sample consisted of 65 healthy
adults (45.5 + 2.0 years; 20 to 76 years; 26 female, 39 male).

The study was approved by the ethics committee of the Ger-
man Psychological Society (DGPs) and conformed to the declara-
tion of Helsinki. All participants gave written informed consent be-
fore participating in the experiment.

2.2. Experimental paradigm

The main experimental task consisted of a modified version
of the Eriksen flanker task using coloured squares as stimuli and
four response options (Eriksen & Eriksen, 1974; Maier & Stein-
hauser, 2017; Fig. 1A). Participants were asked to respond as fast

and accurately as possible to a centrally presented target by press-
ing a button with one of their index or middle fingers, mapped
onto four designated target colours. In each trial, the target con-
sisted of one of these target colours, and the flankers, located right
and left to the target, consisted either of the same color as the
target (congruent condition), of another target colour (incongru-
ent condition), or of one of three additional neutral colours, which
were not mapped to any response (neutral condition [Maier et al.,
2008]; Fig. 1B). Both the incongruent and the neutral condition
were used to induce conflict as they provided information dis-
tinct from the target. We chose this version of the classical flanker
paradigm in order to increase task difficulty and thereby maximise
the number of errors without tapping into other cognitive pro-
cesses that might be affected by ageing (e.g., spatial, lexical, or se-
mantic cognition). The colour-finger mapping was fixed over the
course of the experiment for each participant and counterbalanced
across participants.

Each trial started with a fixation cross for 500 ms. Then,
flankers were presented for 50 ms before the target was added
to the display for another 100 ms. Showing the (task-irrelevant)
flankers before the target was expected to increase the induced
conflict (Mattler, 2003). We used a response deadline of 1200 ms
because this timing provided a good balance between a desirable
number of errors and feasibility for all participants. If no response
was registered before this deadline, the trial was terminated and
the feedback ‘zu langsam’ (German for ‘too slow’) was presented
on the screen. If a response was given, a confidence rating scale
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appeared after a black screen of 800 ms. The delay was introduced
to avoid that EEG activity related to the first response overlapped
with the confidence assessment. Participants were asked to indi-
cate their confidence in their decision on a four-point rating scale
from ‘surely wrong’ to ‘surely correct’ using the same keys as for
the initial response. The maximum time for the confidence judg-
ment was 2,000 ms. Trials were separated by a jittered intertrial
interval of 400 to 600 ms. The sequence of an experimental trial is
depicted in Fig. 1C.

2.3. Procedures

Prior to testing, participants were asked to provide demo-
graphic details and complete the handedness questionnaire. After-
wards, they completed a brief colour discrimination task (with-
out EEG) to ensure that all participants were able to correctly
discriminate the seven different colours used in the experimen-
tal paradigm (see Figure 1B). The discrimination task was followed
by the EEG preparation and the main task. The neuropsycholog-
ical tests were administered after the experiment. In addition,
we assessed sustained attention span and processing speed using
the d2-test (Brickenkamp, 2002), which have been shown to be
positively associated with error processing abilities (Larson et al.,
2011).

All stimuli in both tasks were presented on a black screen (LCD
monitor, 60 Hz) in an electrically shielded and noise-insulated
chamber with dimmed illumination, using Presentation software
(Neurobehavioural Systems, version 14.5) for the colour discrimina-
tion task and uVariotest software (version 1.978) for the main task.
A chin rest ensured a viewing distance of 70 cm to the screen and
minimised movements. To record participants’ responses, we used
custom-made force-sensitive keys with a sampling rate of 1024 Hz
(see Stahl et al., 2020).

The experiment started with a practice block of 18 trials in
which participants received feedback about the accuracy of their
response, which could be repeated if the participant considered
it necessary. After that, two additional blocks with 72 trials with-
out feedback and confidence assessments served as training blocks,
allowing the participants to memorise the colour-finger mapping
and to get accustomed to the response keys. Afterwards, another
practice block introduced the confidence rating to ensure that par-
ticipants understood and correctly applied the rating scale. The
following main experiment consisted of five blocks with 72 tri-
als each. Participants were allowed to take self-timed breaks after
each block. The entire session lasted approximately three hours.

2.4. Electroencephalography recording and preprocessing

The EEG was recorded using 61 active electrodes (Acticap,
Brain Products) aligned according to the international 10-20 sys-
tem (Jasper, 1958). The electrodes were online referenced against
the posterior Iz electrode close to the inion. Horizontal eye move-
ments were measured using two electrodes at the outer canthi
of the eyes (horizontal electrooculogram [EOG]), and another elec-
trode underneath the left eye measured vertical movements (verti-
cal EOG). The EEG signal was recorded continuously at a sampling
rate of 500 Hz using a digital BrainAmp DC amplifier (Brain Prod-
ucts). Data were filtered between 0.1 Hz and 70 Hz, and a notch
filter of 50 Hz was applied to remove line noise.

EEG data were preprocessed following a standardised
pipeline using the MATLAB-based toolboxes EEGLAB and ERPLAB
(Delorme and Makeig, 2004; Lopez-Calderon and Luck, 2014). The
signal was segmented from -150 to 2,000 ms relative to target
stimulus presentation (note that the flankers were presented at
-50 ms). Epochs were visually inspected for artefacts and noisy

electrodes. Epochs with artefacts were removed and identified
noisy channels were interpolated using spherical spline interpo-
lation. To identify and remove eyeblinks, we ran an Independent
Component Analysis (ICA) using the infomax algorithm imple-
mented in EEGLAB and afterwards baseline-corrected the epochs
using the period of -150 ms to -50 ms to avoid influences of early
perceptual processes related to the flanker presentation. Next, data
were locked to the response, epoched from -150 ms to 800 ms
relative to response onset and baseline-corrected using the 100
ms before the response. The additional analysis of conflict-related
stimulus-locked ERPs can be found in the supplementary mate-
rial S4. Remaining artefacts exceeding + 150 uV were removed
(Niessen et al., 2017), and a current source density (CSD) analysis
was conducted using the CSD toolbox (Kayser and Tenke, 2006)
allowing for better spatial isolation of ERP components and for
obtaining a reference-independent measure (Perrin et al., 1989).

2.5. Behavioural data analysis

Trials with invalid responses (i.e. responses that were too slow)
or recording artefacts, as well as responses faster than 200 ms
were excluded from further analysis. The error rate (ER) was cal-
culated as the proportion of errors relative to valid responses. Re-
sponse time (RT) was defined as the time between stimulus onset
and the initial crossing of the force threshold (40 cN) by any of the
response keys.

To inspect how the confidence scale was used across partic-
ipants, raw distributions of confidence ratings within all incor-
rect and correct responses were extracted. We computed Friedman
ANOVAs for the proportion of each of each rating level for errors
and correct responses with the factor confidence (4 levels). This
analysis revealed that only a limited number of trials was available
for the two middle confidence rating levels (‘maybe wrong’, ‘maybe
correct’), and we therefore collapsed those to create one category
for all further analyses representing ‘unsure’ responses, i.e. confi-
dence ratings expressing uncertainty.

For the analysis of metacognitive accuracy, we computed the
Phi (®) correlation coefficient, which is a simple trial-wise corre-
lation between task accuracy and reported confidence. It describes
the extent to which the distributions of confidence ratings for cor-
rect and incorrect trials differ, while still depending on primary
task performance and individual biases in confidence judgements
(Fleming and Lau, 2014; Kornell et al., 2007; Nelson, 1984). Phi was
calculated by correlating accuracy, coded as 0 (error) and 1 (correct
response), and confidence (that the given response was correct),
coded as 1 (‘surely wrong’), 2 (‘unsure’), and 3 (‘surely correct’), for
each participant. This provided us with one measure of metacog-
nitive ability per participant that comprises both the accuracy and
the confidence rating of each trial (e.g., Phi = 1 means that cor-
rect trials were successfully identified as such without uncertainty;
while a Phi = 0 means that all errors were rated as ‘surely correct’,
or all correct trials were rated as ‘surely incorrect’).

To assess the impact of accuracy and confidence on trial n on
adaptations of behavioural responses, we computed a measure of
response caution by multiplying the accuracy and RT on trial n+1
(Desender et al.,, 2019a). Response caution captures the trade-off
between speed and accuracy in a decision, with higher values in-
dicating a more cautious response strategy that is characterised by
slower, and at the same time, more accurate responses. For this
analysis, only pairs of two consecutive valid trials were included.
Response caution was computed separately relative to a) initial
trial accuracy (error, correct), and b) initial trial confidence (‘surely
wrong’, ‘unsure’, ‘surely correct’).

At the group level, age-related effects on the d2-test score,
the error rate, and Phi were computed using linear regressions.



38 H. Overhoff, Y.H. Ko, D. Feuerriegel et al./Neurobiology of Aging 108 (2021) 34-46

Error Correct
1.00 4 1.00 4
old
0.75 0.75 - young
=
o
=4
g 0.50 - 0.50
o
o
0.25 1 0.25
0.00 1 0.00 4
T T T T L T T T
A\ o .
\0& @& ée’g «\e‘o &L @QQ ée’o «@G
\\\f\ o <Y *00 \\\ﬁ\ o S §°°
O ° S O 2 >
& & & Ty S & & &

Fig. 2. Distributions of confidence ratings for errors (A) and correct responses (B). Errors were most often rated as ‘surely wrong’, and correct responses as ‘surely correct’.
Dots represent the individual proportions of the particular confidence response amongst all errors or correct responses, respectively. A median split by age (Mdn = 46) was
conducted for illustration purposes. Older adults are shown in green, younger adults in orange. With increasing age, participants used the ‘surely correct/wrong’ ratings less

often, and the middle of the confidence scale more often.

To rule out that metacognitive accuracy was confounded by age-
related impairments in task performance or attention and process-
ing speed, we performed additional multiple linear regressions to
predict Phi by age, adding the factors of error rate or d2-test score,
respectively.

For the analysis of performance and confidence at the trial
level, data were analysed using linear and generalised linear mixed
effects models. We always used the between-subject factor age as
a predictor. The within-subject factor of interest was either accu-
racy (error, correct) or (pooled) confidence (3 levels). We fitted
random intercepts for participants and, if possible, random slopes
by participant for the within-subject factor of interest. For the out-
come variables of RT, confidence and response caution, we fitted
linear mixed models, for which F statistics are reported and de-
grees of freedom were estimated by Satterthwaite’s approximation,
and for accuracy we fitted generalised linear mixed models, for
which X2 statistics are reported. Model structures and coefficients
are reported in the supplementary material S1.

Significant effects of confidence were followed up by pairwise
comparisons across rating levels using paired-samples t-tests for
linear mixed models and Z-tests for generalised linear mixed mod-
els. Significant interactions were followed up by (generalised) lin-
ear mixed regressions, separately for each level of a given within-
subject factor to assess potential effects of age. We decided on
these follow-up tests because our main interest was in the differ-
ential relations between accuracy, confidence, and behaviour across
the lifespan rather than between the levels. Post-hoc test results
were compared against Holm corrected significance thresholds to
account for multiple comparisons.

Analyses were run in MATLAB R2019a and R (version 4.0.5; R
Core Team, 2021) using the Ime4 package (version 1.1; Bates et al.,
2015).

2.6. Electroencephalographic data analysis

One participant had to be removed from electroencephalo-
graphic analyses, because noisy EEG data led to the exclusion of
more than half of the trials. Data were response-locked and anal-
ysed at the single trial level. We first computed the grand-average
for all participants, separately for errors and correct responses. The
latency of the grand-average peak amplitude served as the time
point around which individual mean amplitudes were extracted
from the signal (& 50 ms). This was done to obtain meaningful

time windows for statistical analyses, because data of single trials
is too noisy to identify a meaningful peak (Clayson et al., 2013).
On each trial, the N. local peak amplitudes were extracted from
the response-locked data from the interval O to 150 ms following
the response at FCz, and the Pg local peak amplitudes were ex-
tracted from the interval 150 to 350 ms at Cz. This was based on
visual inspection of the local maxima of the grand-average scalp
topographies as well as previous literature (Falkenstein et al., 2000;
Siswandari et al., 2019).

For statistical analyses of ERP amplitudes, we fitted the same
linear mixed effects regression models as for the behavioural data.
They included fixed effects of age and the within-subject factor ac-
curacy (error, correct) for all trials combined (see supplementary
material S3 for the analysis with the within-subject factor confi-
dence for all trials) or confidence (3 levels) for separate analysis of
errors and correct responses, a random intercept for each partic-
ipant, and a random slope of the within subject factor by partic-
ipant, if possible. The models were fitted to the CSD-transformed
single trial mean ERP amplitudes of the Ngj. and Pgjc. Model struc-
tures and coefficients are reported in the supplementary mate-
rial S2.

3. Results

For brevity, only significant effects in the mixed effects regres-
sion analyses and relevant follow-up tests are reported in this sec-
tion. For results of all tests as well as Bayesian analyses of relevant
null effects, please refer to the supplementary material S1, S2 and
S6.

3.1. Behavioural results

3.1.1. Attention

The average score for sustained attention and processing speed
as assessed by the d2-test was 178.5 &+ 5.6 (M + SEM) and showed
the typical decline for older adults, as reflected in a significant pre-
diction of the test scores by age [F(1,63) = 27.819, p < 0.001; 8 = -
1.536, SE = 0.291].

3.1.2. Distribution of confidence ratings

In a first step, we were interested in how the confidence ratings
were distributed across the four confidence levels across the lifes-
pan (Fig. 2). For this, we ran two Friedman ANOVAs for dependent
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measures for the proportion for each rating category, separately for
errors and correct responses.

The ANOVA for errors showed that the proportion differed be-
tween confidence levels [X2(3) = 78.029, p < 0.001; Fig. 2A]. On
average, most errors were rated as ‘surely wrong’ (42.8 %) and
least errors as ‘maybe wrong’ (7.3%). Follow-up linear regressions
on age-related differences for each rating category showed that the
proportion of ‘maybe correct’ ratings was increased with higher
age [F(1,63) = 15.973, p < 0.001; B = 0.005, SE = 0.001], whereas
the ratio of ‘surely wrong’ ratings was decreased [F(1,63) = 26.276,
p < 0.001; B = -0.008, SE = 0.002].

For correct responses, the ANOVA also revealed a main effect of
confidence [X%(3) = 167472, p < 0.001]. Correct responses were
most often rated as ‘surely correct’ (84.2 %) and least often as
‘surely wrong’ (0.7 %). Again, linear regression analyses on age-
related differences showed that the proportion of ‘maybe correct’
ratings was increased with higher age [F(1,63) = 24.653, p < 0.001;
B = 0.006, SE = 0.001], and the proportion of ‘surely correct’ rat-
ings was decreased with age [F(1,63) = 24.815, p < 0.001; 8 = -
0.006, SE = 0.001; Fig. 2B].

As mentioned above, to ensure a sufficient number of trials for
each level of confidence for each participant, we combined ‘maybe
wrong’ and ‘maybe correct’ ratings into one category representing
‘unsure’ responses. Thus, for all following behavioural analyses in-
cluding the factor confidence, the reported analyses use three con-
fidence levels.

3.1.3. Error rate (ER)

The average error rate was 15.6 + 1.6%, and the mixed ef-
fects regression model testing for effects of confidence and age
on error rate showed that the error rate significantly increased
with higher age [X2(1) = 4.704, p = 0.030]. The analysis further
showed an effect of confidence on error rate [X%(2) = 2200.020, p
< 0.001]. The error rate decreased across confidence levels from
94.0 + 0.7% on trials rated as ‘surely wrong’ to 67.3 + 0.8% on
trials rated as ‘unsure’ and 6.6 + 0.2% on trials rated as ‘surely
correct’. Pairwise comparisons indicated that all comparisons were
statistically significant (all p < 0.001). Thus, on average, partici-
pants’ confidence reflected their performance well (which further
supports the notion that the current study’s confidence scale was
a meaningful assessment tool). Furthermore, the regression analy-
sis revealed a significant interaction between confidence and age
[X2(2) = 168.125, p < 0.001]. In subsequent mixed effects regres-

sion analyses for each level of confidence, error rates only signifi-
cantly increased with higher age for the ‘surely correct’ confidence
level [X2(1) = 37.664, p < 0.001].

3.1.4. Response time (RT)

A mixed effects regression model predicting RT and testing for
the effects of accuracy and age showed a significant effect of ac-
curacy [F(1,61.6) = 5.572, p = 0.021] with on average slower er-
rors (752.3 + 3.8 ms) than correct responses (716.5 + 1.3 ms).
Moreover, the model revealed the expected slowing with age
[F(1,62.9) = 17.358, p < 0.001], which did not significantly differ
between errors and correct responses.

The mixed effects regression with the within-subject fac-
tor confidence similarly revealed an age-related slowing
[F(1,63.7) = 13.305, p < 0.001; Fig. 4A]. Moreover, the anal-
ysis revealed an effect of confidence [F(2,61.8) = 27291, p <
0.001] and a significant interaction between confidence and age
[F(2,56.6) = 5.187, p = 0.009]. Pairwise comparisons indicated that
all pairs were statistically significantly different (all p < 0.010),
with trials associated with the ‘unsure’ confidence level (815.6
+ 6.7 ms) being considerably slower than trials rated as ‘surely
correct’ (7021 + 1.3 ms) or ‘surely wrong’' (736.6 + 6.7 ms).
Furthermore, trials were significantly slower with older age for
the extreme ratings [‘surely wrong’: F(1,68.4) = 13.592, p < 0.001;
‘surely correct’: F(1.62.4) = 18.358, p < 0.001], but not for ‘unsure’
ratings.

In short, RT was associated with confidence, such that high cer-
tainty (i.e. ‘surely correct/wrong’) was associated with the fastest
responses, and this confidence-related modulation of RT decreased
with higher age.

3.1.5. Confidence

A linear mixed effects regression model predicting confidence
(coded from 1 to 3) across all trials revealed a significant ef-
fect of accuracy [i.e. error vs. correct trials; F(1,63.4) = 162.928, p
< 0.001] and a significant interaction between accuracy and age
[F(1,62.4) = 37.361, p < 0.001], but no significant effect of age.
The average confidence rating was lower for errors (1.991 + 0.014)
compared to correct responses (2.867 + 0.003). Follow-up regres-
sion analyses predicting confidence as a function of age for er-
rors and correct responses separately revealed that confidence in-
creased with age for errors [F(1,60.1) = 17.977, p < 0.001], while
for correct responses it decreased [F(1,62.1) = 23.816, p < 0.001;
Fig. 3B].
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3.1.6. Metacognitive accuracy (Phi)

Phi had a mean of 0.579 + 0.027 across the entire sam-
ple and was significantly predicted by age at the group level
[F(1,63) = 32.206, p < 0.001; B = -0.008, SE = 0.001], indicating
a decrease of metacognitive accuracy with age (Fig. 3A). Moreover,
a multiple linear regression including the additional factor of error
rate did not show a significant interaction with age (p = 0.535),
suggesting that the association between metacognitive accuracy
and age was not affected by decreased task performance in older
adults. Similarly, a multiple linear regression including the addi-
tional factor of d2-test scores (which provide a task-independent
measure of attention) suggested that the decrease in Phi with age
was also independent of an age-related reduction in attentional ca-
pacity (interaction: p = 0.091).

3.1.7. Behavioural adaptation

To investigate the effect of accuracy and confidence in a given
trial on the behaviour in the following trial, we computed response
caution as the product of accuracy (coded as 0 and 1) and RT in
the subsequent trial. The mixed effects regression with the within-
subject factor accuracy (referring to the previous trial) revealed
a significant effect of accuracy [F(1,55.9) = 12.366, p < 0.001]
and an interaction between accuracy and age [F(1,43.9) = 6.709,
p = 0.013], but no significant effect of age. Follow-up regression
analyses for the subsets of errors or correct responses showed a
nominal decrease in response caution with age for errors, but nei-
ther this nor the effect of age for correct responses was signifi-
cant. Thus, these findings indicate that participants were on av-
erage more cautious after errors than after correct responses, and
this effect did not significantly vary across age.

Next, we examined whether the response caution in the sub-
sequent trial could also be predicted by the confidence rating
in the preceding trial. As shown above, confidence and accuracy
are strongly related; however, a significant modulation by con-
fidence could also indicate that this internal confidence signal
drives behavioural adaptations. The mixed effects regression on re-
sponse caution with the within-subject factor confidence (refer-
ring to the previous trial) indeed revealed an effect of confidence
[F(2,54.9) = 7.306, p = 0.002], but again, no effect of age and also
no significant interaction (Fig. 4B). Pairwise comparisons between

the confidence levels showed that the response caution after trials
rated as ‘surely correct’ was significantly lower compared to trials
rated as ‘unsure’ or as ‘surely wrong’.

To summarise the effects of ageing on behaviour, we found the
expected age-related general increase in error rates and response
times, accompanied by a decrease in metacognitive ability, which
was mainly reflected in reduced use of confidence ratings at the
extreme ends of the scale but more indications of being unsure.
Response caution, on the other hand, was not affected by ageing.
Caution increased after errors compared to correct responses, and
was notably specifically modulated by previous trial confidence.
With higher confidence, the response caution in the subsequent
trial decreased.

3.2. Electrophysiological results

3.2.1. N amplitudes

The mean amplitude of the N was significantly larger for er-
rors compared to correct responses, as reflected in an effect of
accuracy in the mixed effects regression predicting the N as
a function of accuracy and age [F(1,38.6) = 9.054, p = 0.005;
Fig. 5A]. There was no main effect of age, but a significant inter-
action [F(1,31.8) = 5.472, p = 0.026] as the amplitude of the Ne
[F(1,55.4) = 5.030, p = 0.029] but not the N, was smaller with
higher age.

For the analysis of confidence, we fitted separate linear mixed
effects models to the Ne amplitude for errors and to the N, ampli-
tude for correct responses, with confidence as the within-subject
factor and age as the between-subject factor. The regression anal-
ysis for errors showed effects of age [F(1,57.4) = 4.068, p = 0.048],
confidence [F(2,2706.4) = 4.007, p = 0.018], and a significant inter-
action between age and confidence [F(2,2731.5) = 3.662, p = 0.026;
Fig. 6A]. Pairwise comparisons between the confidence levels in-
dicated a significant difference between errors rated as ‘surely
wrong’ and ‘surely correct’, and follow-up mixed effects regres-
sions showed that specifically the Ne amplitudes of low confidence
errors (i.e. rated as ‘surely wrong’) was decreased with older age
[F(1,58.1) = 9.735, p = 0.003].

The regression analysis for correct responses with the within-
subject factor confidence yielded no significant effects (Fig. 6B).
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3.2.2. P, amplitudes

The mixed effects regression on the Py amplitude with the
within-subject factor accuracy revealed a significant effect of ac-
curacy with larger amplitudes for errors compared to correct re-
sponses [F(1,55.3) = 10.378, p = 0.002; Fig. 5B]. There was no ef-
fect of age, but a significant interaction between accuracy and age
[F(1,49.2) = 6.443, p = 0.014]. However, in follow-up regression
analyses, no significant associations were found for errors or cor-
rect responses.

Next, responses were again split by their accuracy, and separate
linear mixed effects models were fitted to the Pe and P. ampli-
tudes, respectively, with the within-subject factor confidence. Nei-
ther the analysis for errors nor the analysis for correct responses
yielded any significant effects on the P and P. amplitudes (Fig. 6C
and D).

However, due to previous evidence suggesting a strong rela-
tion between P, amplitude and error detection or confidence rat-
ings (Boldt and Yeung, 2015; Nieuwenhuis et al., 2001), we were
specifically interested in the modulation of the Pe by confidence.
To replicate previous findings, we fitted an additional, exploratory
mixed effects model to the P. amplitudes, including only the factor
of confidence. The analysis revealed a significant, albeit small dif-
ference in Pe amplitude between errors rated as ‘surely wrong’ and
errors rated as ‘surely correct’ [F(2,2723.6) = 6.627, p = 0.001], as
confirmed in follow-up multiple comparisons between confidence
levels (t = 3.617, p < 0.001). This exploratory analysis implies that
the P was modulated by confidence when assessed independent
of age.

4. Discussion

We conducted a complex four-choice flanker task with adult
participants covering an age range from 20 to 76 years, allowing
us to investigate confidence and metacognitive accuracy as well
as neural indices thereof across the lifespan. We found that er-
ror rates and response times (RT) increased with age. Metacog-
nitive accuracy, quantified as Phi, gradually decreased across the
lifespan and was characterised by a differential use of confidence
ratings. In contrast, we did not find differences between younger
and older adults in the ability to adapt behaviour in accordance
with reported confidence. As expected, the Ng and Py ampli-
tudes declined with higher confidence in having made a correct
response, which was specifically observed for trials with response
errors. While the Ne amplitude was smaller with older age when-
ever participants were sure they made an error, the variation in
the Pe amplitude with reported confidence was surprisingly not af-
fected by ageing. In the following, we will first discuss potential
processes underlying age-related differences in metacognitive ac-
curacy and their relation to task performance and confidence, be-
fore comparing the pattern we observed at the behavioural level to
the patterns we observed in the ERPs. Finally, we argue that older
adults’ preserved ability to adapt their behaviour to their perceived
confidence could be related to the P/ amplitude.

4.1. Differential use of confidence scale as a marker of age-related
metacognitive decline

In the present study, metacognitive accuracy (Phi) was re-
duced with increasing age. This is consistent with the findings
of Palmer et al. (2014) who used a metacognitive efficiency mea-
sure, which further considered the individual performance in
their perceptual discrimination task. As this measure was not di-
rectly applicable in our four-choice flanker task, we confirmed
(by calculating multiple linear regressions taking into account
the error rate and the d2-test score) that the observed decline

in metacognitive accuracy was not merely a reflection of gen-
eral age-related performance or attention deficits (d2-test; see
also Larson & Clayson, 2011). Our results, therefore, show that
Palmer et al’s (2014) findings also hold for a more complex,
speeded decision task, which was not based on stimulus ambigu-
ity.

The question remains as to how the age-related differences in
confidence emerge. Given the nature of Phi, a smaller value could
either indicate more undetected errors or correct responses rated
as being incorrect, or a generally higher uncertainty (i.e. rating
all correct responses as ‘maybe correct’ will result in a lower Phi
value than rating the same number of correct responses as ‘surely
correct’). Indeed, we observed that older adults used the extreme
ends of the confidence scale considerably less often than younger
adults.

For errors, this pattern resulted in a higher mean confidence
with age. This disproportional rise in reported confidence has
similarly been shown in error detection studies, indicated by a
lower error detection rate in older adults (Harty et al., 2017,2013;
Niessen et al., 2017). For correct decisions, we observed a lower
mean confidence due to the tendency of the older adults to use
the middle of the confidence scale, whereas previous studies rather
reported an over-confidence in older age (Dodson et al., 2007;
Hansson et al., 2008; Ross et al., 2012).

Interestingly, participants in our study responded slowest in
case of uncertainty, i.e. ‘unsure’ ratings. In contrast, studies on de-
cision confidence typically report increasing RT with decreasing
confidence (Kiani et al., 2014; Rahnev et al., 2020; Weidemann and
Kahana, 2016). Most of these studies specifically measured con-
fidence in having made a correct decision (i.e. the lowest confi-
dence indicates guessing, while in our study it indicates high cer-
tainty in being incorrect), and typical paradigms in these studies
are two-choice signal detection tasks in which the degree of sen-
sory evidence, for instance, perceptual discriminability is manipu-
lated (Kiani et al., 2014; Moran et al., 2015; Rollwage et al., 2020).
In our task, we ensured (using a designated colour discrimination
test) that all stimuli were perceptually discriminable without time
pressure, and our data showed no signs of age-related differences
in stimulus processing (even though it remains possible that slight
impairments in colour perception, or other untested factors such
as attention, working memory, etc., might have contributed to the
age-related slowing we observed; see supplementary material S4).
Instead, potential sources for errors could be, for instance, stimulus
conflict caused by the flankers and the similarity of the stimulus
colours, or difficulties in remembering the stimulus response map-
ping. Using a comparable paradigm, Stahl et al. (2020) found slow
errors to be associated with lower confidence than fast, impulsive
errors and inferred that those error types should predominantly
be caused by weak stimulus-response representations (i.e. due to
weak memory traces).

As such conclusions could not be drawn from classical error
processing studies requiring only a binary error detection rating,
our findings provide an important link between those and deci-
sion confidence studies. In a typical error processing paradigm that
posed higher demands on the older adults (as indicated, for in-
stance, by higher error rates), our results could be interpreted as
their impaired metacognitive evaluation (assessed via confidence
ratings) being partly related to more frequent memory-related er-
rors, which appear to be more challenging to assess consciously
(Maier and Steinhauser, 2017; Stahl et al., 2020).

4.2. Neural correlate of confidence is stable across age

The Pg. is an established marker of metacognition, re-
flecting variations in subjective error awareness and decision
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confidence (Boldt and Yeung, 2015; Nieuwenhuis et al., 2001). In
the present study, the P, showed the well-known accuracy effect
of larger amplitudes for errors than correct responses. Moreover,
we could replicate prior findings of the Pe increasing with decreas-
ing confidence, - for the first time - for a very broad age range
(Boldt and Yeung, 2015; Rausch et al., 2019). This also replicates
findings from error detection studies showing increased Pe ampli-
tudes for detected compared to undetected errors (Endrass et al.,
2012a; Nieuwenhuis et al., 2001).

The main interest of our study was to investigate the modula-
tion of the P, by metacognition in the context of healthy ageing.
Remarkably, the P, amplitude did not show an overall reduction
with age, nor a differential modulation by confidence across the
lifespan, suggesting that the accumulation of error evidence was
well preserved in older age. This is contrary to the error detec-
tion literature (Harty et al., 2017; Niessen et al., 2017). Since these
studies did not assess confidence on multiple levels, participants
did not have the chance to express uncertainty. Assuming more
‘unsure’ cases with older age, their observed age-related decrease
in Pe amplitude for detected errors might thus be confounded, as
higher uncertainty was generally associated with reduced Pe am-
plitudes (Boldt and Yeung, 2015). Following this logic, it is also
possible to explain the lack of a significant age-related modulation
of the P/ amplitude in the present study: If older adults’ inter-
nal threshold for rating an error as ‘surely wrong’ was generally
raised, the errors that were rated as ‘surely wrong’ should be trials
with particularly high Pe amplitudes, as they were absolutely sure
of having committed an error. As a result, a putative age-related
decrease in the P. amplitude of low confidence errors could be
masked in our data, because the same reported rating levels might
reflect a different sense of confidence for younger and older adults.
Thus, the current pattern of results suggests that the P. amplitude
does not serve as a direct index of metacognitive accuracy across
participants, but rather reflects the degree of confidence, irrespec-
tive of objective performance (Di Gregorio et al., 2018; Larson and
Clayson, 2011; Pouget et al., 2016; Stahl et al., 2020).

4.3. Impaired neural processing of conflict modulates metacognitive
decline

The marked behavioural decline in older adults’ metacognitive
accuracy was not mirrored in age-related variations of the Pe/. am-
plitude, but rather in a differential modulation of the N across the
lifespan. The modelling results revealed that the Ne amplitude was
also affected by the interaction between confidence and age. With
older age, the N, declined for all errors in which high conflict was
perceived. In other words, only the N. amplitude of errors which
were rated as ‘surely wrong’ varied in amplitude across the lifes-
pan. As the N is sensitive to conflict between the given and the
actual correct response, older adults seemed to having had difficul-
ties internally representing the correct response in highly conflict-
ing situation (Yeung et al, 2004). Notably, this effect was error-
specific, that is, we cannot draw conclusions about internal pro-
cesses for correct responses, as the N. amplitude did not show a
relation to confidence that could have varied with age.

We suggest that the reduced Ne amplitude of low confidence
errors with higher age could be related to the observed decrease in
metacognitive accuracy in our flanker task. If older adults did not
perceive high conflict due to difficulties in forming an accurate in-
ternal representation of the correct response, this information was
necessarily missing for the metacognitive evaluation. Thus, the im-
paired neural integration of conflict detection and confidence could
have led to the observed behavioural difficulties matching confi-
dence ratings and objective accuracy.

4.4. Adults of all ages base future behaviour on subjective confidence

Ultimately, proper metacognitive evaluation should improve be-
haviour. Interestingly, response caution was not only enhanced af-
ter errors, but we also found evidence that it was modulated by
the reported confidence in the preceding trial. Given that the par-
ticipants did not receive any external feedback about the accuracy
of their response (as it is often the case in real-life decisions), it
seems plausible that they used their best available estimate, i.e. the
subjective sense of confidence, to regulate subsequent behaviour
(Desender et al., 2019a). Specifically, low confidence (reflecting a
belief that an error had been committed) or uncertainty about a
decision were associated with higher response caution in the sub-
sequent trial. Possibly, participants sought more evidence before
committing to their next decision, leading to slower but more ac-
curate responses (Desender et al., 2019a, 2019b).

Translating our findings to error detection studies, the increase
in response caution with lower previous trial confidence converges
with findings of error detection studies reporting increased slow-
ing (i.e. a sign of behavioural adaptation) after detected compared
to undetected errors (Nieuwenhuis et al., 2001; Stahl et al., 2020;
Wessel et al., 2018; for a review on post-error adjustments see
Danielmeier & Ullsperger, 2011).

Notably, response caution was similarly affected by accuracy
and confidence across the lifespan. Thus, while metacognitive ac-
curacy was reduced in older age, a neural correlate of error con-
fidence magnitude, the P. amplitude, and the behavioural adap-
tations relative to the reported confidence were consistent across
the lifespan. This suggests that it is the perceived confidence that
shapes future behaviour, irrespective of metacognitive accuracy:
Despite their failure in matching confidence to task performance,
older adults seem to be equally able to use internal states of con-
fidence to change future behaviour adaptively.

4.5. Limitations and implications

One limitation of the present study is the number of partici-
pants retained for the analyses. When designing the experiment,
we tried to find an optimal balance between task difficulty, feasi-
bility for all ages, and gaining many trials while ensuring that es-
pecially older adults were not exhausted at the end of the exper-
iment. However, the combination of a substantial number of re-
sponse alternatives, time pressure, and discriminability of stimuli
was demanding, leading to an undesirably large number of partici-
pants to be excluded from the analyses (17 of the initial 82 partic-
ipants).

A second shortcoming is the confined number of trials available
for analysis after defining conditions of interest. Due to an unfore-
seen highly skewed use of the confidence scale, it was impossi-
ble to apply a factorial design while retaining four distinct confi-
dence levels. In particular for correct trials, the variance in confi-
dence ratings was low, which is a common problem in metacogni-
tion research (for a review, see Wessel, 2012). However, the ap-
plication of linear mixed effects modelling provided us with a
powerful tool that can account for varying trial numbers across
participants and importantly, the multi-level structure of our
data.

Nevertheless, our findings provide important insights into age-
ing effects on metacognition, integrating approaches from error
detection and decision confidence research. In contrast to the
metacognitive evaluation itself, the effect of confidence on sub-
sequently adapting response caution was well preserved in older
adults. Thus, training the metacognitive evaluation of fundamental
decisions in older adults might constitute a promising endeavour
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(and has been shown to work for mathematical problem solving
[Pennequin et al., 2010]).

5. Conclusion

The study of error detection and confidence in the context of
healthy ageing have advanced largely in parallel. Our study demon-
strates that confidence shapes our behavioural and neural pro-
cessing of decisions and should be considered to investigate age-
related effects on error processing and metacognitive abilities. In-
terestingly, the Ne, but not the P. amplitude was differentially
modulated by confidence across the lifespan, suggesting that the
decreasing accuracy of metacognitive judgements with older age
might be related to impaired integration of neural correlates of
conflict detection and decision confidence.
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